ABSTRACT: Mitochondrial DNA (mtDNA) analyses suggest that Southern Hemisphere mussels of the Mytilus edulis species complex include an endemic lineage and invasive genetic elements derived from the Northern Hemisphere species M. galloprovincialis and M. edulis. Haplotypes from these species have been reported in substantial frequencies from South America, South Africa, Western Australia and New Zealand, but only at very low frequencies in Tasmania and the coast near Melbourne in Victoria, the only regions studied in southeastern Australia. Here we investigate cytochrome c oxidase sequences from a wider region in southeastern Australia. Substantial frequencies of Northern Hemisphere Mytilus haplotypes of the female form of the mtDNA were observed, particularly in southern New South Wales. These haplotypes represented a broad range of divergent lineages among the Northern Hemisphere clades. All 3 haplotypes of the male form of mtDNA belonged to the lineage previously identified as the 'European' clade of M. edulis. 
INTRODUCTION
The mussels of the genus Mytilus offer a challenging example of the difficulty of disentangling recent anthropogenic effects on the distribution of species and genetic variation from historical natural processes. The genus is a major component of intertidal ecosystems in temperate and sub-polar regions of both the Southern and Northern Hemispheres (Hilbish et al. 2000) . Intensive investigations of the M. edulis species complex (Skibinski et al. 1983 , Varvio et al. 1988 , McDonald et al. 1991 , Rawson & Hilbish 1998 , Hilbish et al. 2000 , Riginos et al. 2004 , Borsa et al. 2007 , Gérard et al. 2008 , Westfall & Gardner 2010 , Zbawicka et al. 2010 ) have revealed intricate patterns of colonisation and introgression.
Interpreting these patterns is complicated by the unusual method of mitochondrial inheritance in Mytilus. Males have 2 forms of mitochondrial genomes, 1 passed through the male line (M-type) and 1 inherited from the mother (F-type) (Skibinski et al. 1994 , Hoeh et al. 1997 . Females have only the F-type, but recombination between the types does occur, and the preexisting M-type can be supplanted by the F-type to form a new M-type in a process called 'masculinisation' (Hoeh et al. 1997) . Hilbish et al. (2000) found 3 distinct sets of haplotypes in 16S rRNA F-type sequences from female Southern Hemisphere Mytilus spp. One consisted of haplotypes that were closely related to the Northern Hemisphere haplotypes characteristic of M. galloprovincialis. A second, found only in the Southern Hemisphere, comprised haplotypes that were sufficiently distinct from the first to suggest that they had been separated during the Pleistocene. The third group consisted of haplotypes similar to those found in M. edulis, some of which also occur, apparently as a result of introgression, in M. galloprovincialis. Gérard et al. (2008) , using cytochrome c oxidase I (COI) sequences, identified 2 clades in Southern Hemisphere mussels. The first was denoted the northern clade (N), and is composed entirely of haplotypes found in either or both M. edulis and M. galloprovincialis. The second was denoted the southern clade (S) and was endemic to the Southern Hemisphere. It was differentiated into 3 reciprocally monophyletic sub-clades: S1 from South America and Kerguelen, S2 from New Zealand and S3 from Tasmania. COI analyses suggested that the S clade, comprising all 3 sub-clades, is the sister group of the N clade comprising all the haplotypes from M. edulis and M. galloprovincialis (Gérard et al. 2008) .
Although haplotypes of the N clade have been observed in many parts of the Southern Hemisphere, including South America, South Africa, Western Australia and New Zealand (Gérard et al. 2008 ), they were not observed in the Tasmanian populations examined by Hilbish et al. (2000) or Gérard et al. (2008) . Recently, while this manuscript was in review, Westfall & Gardner (2010) found Northern Hemisphere 16S rRNA haplotypes at a frequency of about 15% in southeastern Australia (principally Tasmania and southern Victoria). The survey of COI sequences in the present study was conducted, in light of the earlier results, to collect data from a broader region in order to obtain a better estimate of the contribution of Northern Hemisphere Mytilus spp. mtDNA to mussel populations in southeastern Australia. Individuals of both sexes were included in the survey, and type-specific primers were developed to confirm the identity of M-type sequences and to generate F-type sequences from males.
Nuclear genetic contributions from Northern Hemisphere Mytilus spp. to Tasmanian populations have been suggested by allozyme data (McDonald et al. 1991) and genomic DNA size polymorphisms, particularly in the intron 1 of the mac-1 locus (Borsa et al. 2007 ). Borsa et al. (2007) interpret their data as indicating locus-specific levels of introgression of Northern Hemisphere genetic material into Southern Hemisphere populations. They noted that it was not possible to determine from their data (Borsa et al. 2007) whether the putative M. edulis mac-1 variants in the Southern Hemisphere were derived from an invasion of the species itself or from introgression into M. galloprovincialis prior to the invasion of that species. We sequenced mac-1 intron 1 for the specimens for which we have mitochondrial DNA sequences and which were potentially homozygous, as judged by the presence of single bands in PCR amplifications, in an attempt to confirm the introgression of Northern Hemisphere alleles in southeastern Australian Mytilus spp.
MATERIALS AND METHODS
Maintenance and experimentation. After collection ( The specimens from Triabunna were stored in RNAlater (Applied Biosystems/Ambion) at room temperature for 18 mo. During this period, the shells dissolved and crystals, presumably of calcium carbonate, formed in the solution. DNA was extracted from the remaining tissue, but only 1 specimen could be successfully amplified for the genes studied here. PCR amplifications of mitochondrial COI were performed at an annealing temperature of 43°C using the primers constructed by Folmer et al. (1994) , following the methods of Colgan & da Costa (2009) . PCR products were purified using ExoSAP-IT (USB) and sequenced by Macrogen. Both sequence directions were determined, using the individual primers from the original reaction.
M-and F-type specific primers were designed from the alignments compiled for the present study. These were then used separately in combination with Primer 1490 by Folmer et al. (1994) , to amplify type-specific products. Cycling parameters were the same as those used for COI above. The type-specific primers were: (male) MCOIR: AGR GCT GCA GTG ATC CTR ATT and (female) FCOIR: CAA TAC GGC AGT AAC TCT RAT C.
Amplification of mac-1 intron 1 using the primers by Daguin & Borsa (1999) was performed, in general, as it was for COI, except that the annealing temperature was increased to 48°C.
Analytical methods. Chromatograms were checked, and sequences were assembled using Sequencher v. 4.9 (Gene Codes). Alignments were made using CLUSTALX (Thompson et al. 1997) , using the default parameters, and were inspected in BioEdit (Hall 1999) .
We compiled a large range of Mytilus spp. sequences from GenBank to add to the data collected in the present study (Table 2 , see Figs. 1 & 2 for accession numbers for the sequences used in the analyses of F-and M-type sequences, respectively). The data were initially analysed as a single set, but were subsequently separated into male and female data sets for detailed analyses. The ends of the male alignment were excluded from these, as many GenBank accessions were shorter than the product of the primers by Folmer et al. (1994) .
Maximum-parsimony analyses for the COI data were conducted with PAUP v. 4.0 (Swofford 2003) using heuristic searches of 1000 replicates with random stepwise addition, keeping no more than 200 trees of length ≥400 steps in each replicate. Bootstrap searches were conducted with 500 pseudoreplicates, with 20 random addition replicates in each, and keeping no more than 200 trees of length > 400. Bayesian analyses were performed with MRBAYES 3.1.2 (Huelsenbeck & Ronquist 2001), with parameters estimated separately for each codon position. The 'ratepr' was set to 'variable', the 'invgamma' option was invoked, and NST was set to 6 (for the GTR model). The analysis was run for 10 million generations with a tree sampled after every 1000 generations. Ten percent of the sampled trees were discarded as 'burn-in' using the 'sumt' command. All non-discarded trees from both runs by MRBAYES were included in the calculation of posterior probabilities. Table 2 . Mytilus spp. Data sources for additional sequences deposited in GenBank. The columns designate whether the sequence was M-or F-type, the GenBank accession number or the lowest in the range of numbers, the highest accession number and the source. Note that not all accessions in the ranges were included in the analyses
RESULTS
The sequences of 3 individuals generated by the Folmer et al. (1994) primers were most similar to the M-type sequences in GenBank. These were the only 3 individuals in which a product was found when the MCOIR primer was used in PCR amplification. For all 3 individuals, the M-type-specific sequences were identical to the original sequence for that specimen. When the FCOIR primer was used, single-banded amplification products were found for all of the mussels examined here. The F-type sequences found for the individuals originally returning only M-type sequences were added to the F-type data set.
The F-type alignment comprised 638 base positions, including 488 that were invariant, 27 that were variable, but not parsimony informative, and 123 that were parsimony informative. The aligned M-type data set comprised 549 bases, with 368 bases that were invariant, 77 that were variable, but not parsimony informative, and 104 that were parsimony informative. No insertions or deletions were inferred in either alignment.
There were 34 800 maximum-parsimony trees in the analyses of the F-type alignment, each of length 247, with a consistency index (CI) of 0.676. In the Bayesian analysis, the average standard deviation of the 'splits frequency' for the 2 independent Monte Carlo runs performed by MRBAYES was 0.012, and the 'potential scale reduction factor' (PSRF) for all parameters approached 1.00, indicating that the runs were converging. The averages of the likelihoods of the trees remaining after 'burn-in' were -2307.184 and -2306.128.
Of the 22 sequences collected here, 15 belonged to the N clade. These were found in Tasmania (1 individual) and in southern New South Wales (NSW; 14 individuals) (Fig. 1) . The other 7 sequences, comprising 3 from southern NSW and 4 from Tasmania, all belonged to the S3 sub-clade of Gérard et al. (2008) . In total, 1 of 5 Tasmanian individuals had an N clade haplotype as did 14 of 17 sequences from NSW. A χ 2 test of homogeneity for these frequencies gave a value of 6.92 (p < 0.01).
Southeastern Australian haplotypes were represented in all of the major lineages in the N clade, including 2 distinct groups whose sequences have previously been referred to as Mytilus galloprovincialis (Fig. 1 ). These were well-supported monophyletic groups in parsimony and Bayesian analyses, although they were not shown to be sister groups. Only 1 of the Australian individuals from the N clade had a sequence that was not also found in other countries. Three haplotypes were found in multiple populations in southeastern Australia. One of these was observed in specimens from both Snug (Tasmania) and Green Cape (NSW).
There were 15 200 maximum-parsimony trees in analyses of the M-type alignment, each 390 steps long, with a CI of 0.59. In the Bayesian analysis, the average standard deviation of the splits frequency was 0.012, and the PSRF approached 1.00 for all parameters. The averages of the likelihoods of the trees remaining after 'burn-in' were -2766.30 and -2765.928.
All male Mytilus spp. haplotypes sequenced in the present study belonged to the 'European' lineage of M. edulis identified by Riginos et al. (2004) . This lineage is also found at low frequency in North America (Fig. 2) . Notably, 1 of the F-type sequences from these individuals apparently belonged to the S3 sub-clade (Green Cape 10), and the other 2 to divergent subclades of the N clade.
Six specimens were homozygous for mac-1 intron 1. These represented 4 haplotypes, 1 of which was observed in 3 individuals, and 3, in 1 individual each. Two of these differed at only 1 base in an alignment of 256 bases. The maximum number of nucleotide differences between any Australian haplotypes was 4, but there were at least 17 differences between any of these and the Northern Hemisphere mac-1b allele. An insertion of 27 bases that was observed in all 6 Australian sequences was not present in any reported Northern Hemisphere sequences (Ohresser et al. 1997) . One of the Australian sequences also had the large insertion that distinguishes the mac-1b allele from other Northern Hemisphere sequences. The COI haplotypes of 3 of the sequenced individuals belonged to the N clade, and 2 to the S3 sub-clade (Triabunna 03 was not scored for COI).
DISCUSSION
Three main results were observed. First, Northern Hemisphere haplotypes are present at high frequencies in F-type Mytilus spp. mtDNA in at least 1 region of southeastern Australia (southern NSW). Second, all 3 M-type sequences collected here represented the 'European' M. edulis clade identified by Riginos et al. (2004) . Third, a wide diversity of F-type lineages from the Northern Hemisphere is present in southeastern Australian populations.
Substantial frequencies of both male and female Northern Hemisphere Mytilus spp. mitochondrial haplotypes were observed in southern NSW. This contrasts with previous studies of Tasmanian populations, in which they were observed at low frequency (Westdall & Gardner 2010) or not at all (Hilbish et al. 2000 , Gérard et al. 2008 . The inter-regional differentiation in southeastern Australia may be due to a number of factors. There may be environmental differences between the regions that are associated with differential Wave exposure might be one such difference. But the occurrence of haplotypes from the S3 sub-clade and from a wide range of sub-clades of the N clade at Tura Head suggests that is not the complete explanation. The high frequency of Northern Hemisphere haplotypes in southern NSW may be associated with shipping traffic to ports in the area during their history as whaling stations in the 19th century, some aspects of which are discussed by Pearson (1983) . Both M-and F-type Mytilus edulis mitochondrial genes are found introgressed in M. galloprovincialis in Europe (Rawson & Hilbish 1998) . Consequently, it is difficult to know whether the southeastern Australian haplotypes that are closely related to specimens identified as M. edulis in the literature or GenBank are derived from introgression in M. galloprovincialis or whether introduction of M. edulis occurred from a distinct location. The latter possibility would require corroboration by finding a suite of M. edulis-characteristic alleles in an individual mussel. This does not appear likely given the absence of co-inheritance in the M-and F-type sequences of individuals and the finding of Northern Hemisphere mitochondrial haplotypes in individuals that are apparently homozygous for Southern Hemisphere alleles of the mac-1 intron 1 polymorphism.
The failure to discover M-type haplotypes in Mytilus galloprovincialis and the Southern Hemisphere endemic lineage(s) in Australia may be a sampling artefact. It is also possible that any endemic male mtDNA in the region has been replaced by competition from invasive haplotypes or that there has been a recent masculinisation event, in which a pre-existing Southern Hemisphere M-type has been replaced by the current F-type mtDNA (Hoeh et al. 1997) . AY101397-AY101399, AY101401, AY101403, AY101405, AY101408, AY101411, AY101413, AY101415, AY101417, AY101420, EU018148-EU018151, EU018153-EU018169, EU018171 -EU018177, EU018179, EU018180, EU018182, EU018183, EU018185-EU018195, EU018197-EU018201, EU018203, EU018204, EU332488-EU332497, EU332510, GU570473-GU570478, GU570484, GU570487, GU570489, GU570500, GU570502, GU570522 Table 2 ). These are listed individually for members of the 'European' clade, which are from Tjärno (Sweden) unless otherwise specified. The filled triangle represents 85 specimens from the monophyletic 'North American' clade. Accession numbers for these are written as a block to the right of the triangle. The branch leading to the most derived sequence in this clade reaches the vertical side at the right of the triangle. In the Bayesian analysis AY713952 is the sister group of the remainder of the 'European' clade, which has a posterior probability of 0.70
The dispersion of southeastern Australian specimens throughout the Northern Hemisphere clade (Figs. 1 & 2) shows that much of the variation in the Mytilus edulis species complex is represented in the region. Since there are few geographically localised clades among the F-type haplotypes worldwide (Fig. 1) , it cannot be proven whether there were many introductions of Mytilus spp. from separate populations or a low number of introductions from genetically highly variable sources, although both possibilities seem likely. It appears unlikely that there is an endemic M. edulistype taxon in the Southern Hemisphere, although this possibility cannot be completely dismissed. Gardner (2004) found no historic evidence of shells of this species in New Zealand. One of the Australian M. edulis F-type sequences is quite basal (Fig. 2) , but the others are dispersed throughout the topology, with no groups of haplotypes forming monophyletic lineages. 
